In lamprey spinal cord, intracellular calcium ([Ca2+]~) plays a key role in mechanisms regulating neuronal activity in the segmental network for locomotion. In this report, measurements of [Ca2+]~ with fluo-3 in various regions of motoneurons in the intact spinal cord were obtained on a high speed confocal microscope following electrical stimulation. Likewise, rhythmic calcium fluctuations within dendrites and axons were seen during "fictive swimming" and were directly correlated with electrical activity. Antidromic stimulation of motoneuron axons induced large calcium transients and revealed spatially restricted "hot spots," both of which required external calcium and were blocked by nickel, but not by known calcium channel antagonists. These results suggest that lamprey spinal cord axons may possess a pharmacologically novel class of calcium channel.
Introduction
The lamprey spinal cord contains a well-defined, segmentally organized neuronal network that underlies locomotion . The in vitro preparation of this vertebrate spinal cord provides a convenient and accessible means for analyzing the cellular and network properties of a complex behavior, in this case locomotion (Rovainen, 1979) . The lamprey spinal cord maintains the basic architecture of more advanced vertebrates, allowing more direct corn parisons to mammalian circu its than invertebrate models, while remaining amenable to study, thus sharing several experimentally fortunate features of invertebrate preparations Grillner, 1985) . "Fictive" locomotor activity can be initiated and maintained pharmacologically in the isolated spinal cord preparation by immersing the spinal cord in a solution containing an excitatory amino acid, e.g., N-methyI-D-aspartate (NMDA) (Grillner et al., 1981) . Electrophysiological correlates of locomotion can be monitored from single identified neurons within the network or from ventral root recordings. At the cellular level, the entry of calcium through NMDA channels and voltage-dependent calcium channels has several functional effects on the operation of the network.
By acting on calcium-dependent potassium channels, calcium entry will influence both the spike after-hyperpolarization (Hill et al., 1985 (Hill et al., , 1992 and the NMDA receptordependent pacemaker properties (El Manira et al., 1994) , and thereby the control of burst termination and the regulation of rhythm frequency. Moreover, both GABAergic and dopaminergic systems can modulate the network neurons by acting on calcium channels Tegndr et al., 1993; Srinivasan et al., 1993) . Calcium influx thus plays a critical role in several neuronal functions in this system, and the calcium dynamics therefore need to be analyzed thoroughly for a more complete understanding of the mechanisms underlying the generation and modulation of the rhythmic activity in the lamprey network for locomotion. Therefore, the following experiments were designed to evaluate the role of intracellular calcium ([Ca2÷] ~) in identified neurons of the network. A high speed confocal microscope (Tsien, 1990 , Proc. Roy. Microsc. Soc., abstract; Tsien and Bacskai, 1994) was used to optically section through the intact spinal cord preparation and to image [Ca2+]~ with calcium-sensitive fluorescent probes in different spatial locations throughout single neurons and groups of neurons, during fictive swimming and during various means of electrical stimulation.
Results

Intracellular Stimulation Results in Increases in [Ca2+]~ in Motoneurons
Intracellular recordings from identified motoneurons were performed with standard sharp electrode techniques with the calcium indicator fluo-3 or calcium green in the recording pipette. The dye was iontophoresed into single cells, allowing direct recording and stimulation of the cell electrically, while calcium-sensitive changes in fluorescence were monitored with a confocal microscope in different parts of the cell. Single or trains of action potentials could be elicited in the soma while calcium changes were observed in the dendrites. Figure 1 shows the resulting changes in fluo-3 fluorescence during such stimulation. The images in (A) show part of the soma and part of some large proximal dendrites of a single cell that were within this optical section. The cell bodies of motoneurons are approximately midway through the thickness of the 300 I~m spinal cord, and their dendrites extend both ventrally (toward the microscope objective in these experiments) and dorsally (away from the objective). The traces in (B) and (C) correspond to changes in calcium in proximal dendrites near the cell body following current injection to elicit either 1 or 50 action potentials. With this technique, measurements of small changes in [Ca2+]~ resulting from stimulation can be made in spatially defined areas without signal averaging. Notice that the rate of rise of [Ca2+]~ is very fast (within 1 video frame, 33 ms), whereas the decline is quite slow, requiring several seconds. These slowly declining increases in calcium have been reported in other neuronal systems (Peres et al., 1991; Hemandez-Cruz etal., 1990;  (A) A series of four images of the soma of a single cell (150 ~m into the spinal cord) with large proximal dendrites extending laterally and ventrally (toward the microscope objective). The ratio images were calculated by dividing each image by a previous image (at t = 0). The results were pseudocolored from blues to reds representing low to high relative calcium levels, respectively. The first of the four images indicates a uniform distribution of fluorescence ratio at rest. The following two snapshots were at 1 and 2 s, respectively, into a 25 Hz tetanus for 2 s. Note that the largest relative changes in [Ca2+]~ occur in the proximal dendrites, while the soma is much less responsive. The fourth image shows that, 1 min after the spike train, the cell recovers to baseline levels. (B) Time course of the fluorescence from within one of the proximal dendrites of the motoneuron in (A). The averaged fluorescence from a 20 pm circle within the dendrite was averaged to generate the plot. Note that the rise in fluorescence is rapid, while the decay requires several tens of seconds.
(C) A similar but much smaller increase in fluorescence, after evoking a single action potential. Images were acquired at 30 Hz, and the spike was elicited at t = 1.0 s. The abscissae in (B) and (C) are in arbitrary fluorescence units, and the ranges are different for each panel.
(D) A train of 3 action potentials was elicited every 1 s, starting from t = O. Note that calcium increases in a stepwiee manner with each evoked train.
(E) Calcium dynamics in computer simulations of rhythmic activity in a network model of the lamprey segmental locomotor circuitry. A constant, low level of NMDA receptor activation was simulated while the level of AMPA/kainate receptor activation was varied to give different rates of bursting activity (Wall@n et al., 1992) . The membrane potential oscillations of one contralateral crossing interneuron are shown together with the fluctuations of [Ca2+]~ in a ',slow,, calcium pool, reflecting entry via NMDA receptors Wallen et al., 1992) . In this simplified model neuron, calcium fluctuations were confined to the soma. (El) Steady-state rhythmic activity at a slow burst rate; notice the peak of [Ca2+]~ occurring at the end of each burst discharge. (E2) The onset of a faster rate simulation; notice here the initial increase of [Ca2÷]~ from the resting zero level, followed by smaller, rhythm-correlated fluctuations superimposed on a constant calcium level. Ross et al., 1986) and contrast with the o b s e r v e d c h a n g e s in calcium during fictive swimming, as discussed below. with the intracellular electrode, thus roughly mimicking locomotor burst activity, and observed the resulting changes in calcium. Figure 1D shows that calcium increases in a step-wise fashion. This progressive accumulation of calcium could be of physiological importance, reaching a"set point" of [Ca2+]~ related to frequency of swimming.
This pattern of discharge ( Figure 1D ) is thus similar to that occurring in a motoneuron during locomotion. Using a neuronal network model developed to simulate the lamprey locomotor network with realistic model neurons Wallen et al., 1992; Hellgren et al., 1992) , it was found ( Figure 1E ) that, at the start-up of a locomotor rhythm, a similar, gradual buildup in [Ca2+]~ occurred, with oscillations phasically related to the ongoing rhythm. In Figure 1E~ , a slow swim frequency led to a small increase in the sustained calcium level, whereas a simulation of a faster swim rate (Figure 1 E2 ) demonstrated a higher sustained calcium level with smaller amplitude oscillations. Therefore, calcium may accumulate to a point above resting levels at the onset of locomotion in neurons responsible for the generation of rhythmic activity.
The increases in calcium were not uniform throughout the cell during intracellular stimulation of motoneurons. Proximal and distal dendrites exhibited large changes in [Ca2÷]~, while the soma was not as responsive. Large changes in [Ca2÷]~ were also observed in the axons during stimulation (see below). These spatial variations in changes in calcium may represent heterogenous distribution of voltage-gated calcium channels or differential calcium buffering, or may be the result of differences in the surface to volume ratio in the different compartments.
Synaptic Input Results in Increases in [Ca2+]~ in Motoneuron Dendrites
Motoneurons receive synaptic input from interneurons and from descending reticulospinal axons (Ohta and Grillner, 1989) . To investigate whether synaptic input gives rise to detectable calcium increases in postsynaptic dendrites, the synapse of reticulospinal axons at ventromedial dendrites of single motoneurons was examined. Extracellular stimulation of descending reticulospinal axons 10-20 segments rostral to an impaled motoneuron elicited a compound excitatory postsynaptic potential (EPSP) in the motoneuron. This synapse is glutamatergic, with an NMDA as well as an AMPA/kainate receptor-mediated component (Ohta and Grillner, 1989) . Figure 2A shows the resulting increases in calcium in ventromedial dendrites following stimulation, eliciting a subthreshold EPSP that did not evoke an action potential in the motoneuron. The NMDA receptor antagonist 2-amino-5-phosphonovaleric acid (2-APV; 20 I~M) did not block the evoked increase in calcium completely, consistent with the concomitant involvement of NMDA-independent calcium channels at this synapse. The increases in calcium seen with a subthreshold EPSP in the presence of 2-APV suggest an involvement of low voltage-activated calcium channels and possibly of calcium-permeable AM PA/kainate receptor channels. Figure  2B shows the increase in calcium with a suprathreshold EPSP, evoking an action potential. Direct comparisons of the changes in calcium from stimulations resulting in sub- and suprathreshoid compound EPSPs within the same cell allow the determination of the amount of calcium entry dependent on high voltage-activated calcium channels, as shown in Figure 2C . This response thus represents the calcium influx resulting from a single action potential evoked by synaptic input.
[Ca2*]~ Dynamics in Dendrites and Axons of Motoneurons Were Correlated with Electrical Measures of Rhythmic Network Activity
Bath perfusion with 100-200 I~M NMDA in the isolated spinal cord results in activation of the locomotor network and initiation of fictive swimming, which can be monitored electrophysiologically in single, identified neurons with an intracellular electrode, or by recording unit activity with suction electrodes attached to ventral roots. Fluorescence imaging of fluo-3 in single impaled motoneurons allowed direct correlations of optical and electrical activity during pharmacologically induced fictive locomotion. Figure 3A illustrates large, slow changes in [Ca2+]~ in a long, contiguous segment of a distal dendrite. Five images of the dendrite, sampled at the times indicated (from onset of recording session), are shown. The corresponding time course of the calcium fluctuations is shown in Figure 3B , along with the ventral root recording from the ipsilateral side of the spinal cord. Bursts of electrical activity appear correlated with large increases in [Ca2+]i. The images in Figure  3A correspond to peaks and valleys of [Ca~÷]i, as indicated by the arrows. The changes in calcium were, however, not spatially uniform. Recurring "hot spots" of calcium increase were evident ( Figure 3A ) and may have corresponded with sites of synaptic contact.
The calcium oscillations during the slow fictive locomotor rhythm in Figure 3 (around 0.3 Hz) were of relatively large amplitude; however, with a faster rhythm of 1-2 Hz, changes in calcium were more difficult to detect and required measurements of the time course of calcium fluctuations together with the corresponding electrical recording of rhythmic activity. Figure 4 shows within a single cell small changes in dendritic calcium that oscillate at a frequency of around 2 Hz. The corresponding intracellular recording below shows the oscillations in membrane potential of the cell, which was not spiking. These membrane potential oscillations also had a characteristic frequency of around 2 Hz. A cross-correlation analysis ( Figure 4B ) revealed that both recordings were periodic and shared the same frequency. In this cell, the calcium oscillations followed the membrane potential oscillations with a phase delay of about 8%. Thus, very low amplitude oscillations in calcium occur in distal dendrites of motoneurons during fictive locomotion; they are directly correlated with electrophysiological recordings of network activity and can be measured without signal averaging.
Oscillations in calcium were not observed in cell bodies of motoneurons during fictive swimming, even when the cell was firing. This may be due to the low surface to volume ratio in the soma, to fast calcium buffering, or to a low density of calcium channels. However, large, fast changes in calcium were observed in axons of motoneurons, near the cell body at the hillock and far from the cell body at the ventral roots. This result was both surprising and experimentally fortuitous, since our attempts to bulk load the spinal cord preparation with the AM-ester form of the calcium dyes failed to load cell bodies, but did load axons of motoneurons at the ventral roots quite effectively. This is quite different from the situation reported in chick embryo spinal cord preparations (O'Donovan et al., 1993) , in which retrograde and anterograde labeling with calciumsensitive dyes was quite effective. Nonetheless, groups of axons from motoneurons could be imaged during fictive swimming, and as shown in Figure 5 , large, rapid changes in fluo-3 fluorescence were observed in these axons, which correlated temporally with the locomotor bursts in the ventral root recording. Often, slower oscillations in calcium were observed ( Figure 5A ) superimposed on the faster burst-dependent changes in calcium. The images in Figure 5B show a pair of crossing axons at successive times during one burst of activity. In this example, one axon is active (calcium increases), while the crossing axon is quiescent. As in motoneuron dendrites, hot spots in [Ca2÷]~ were often observed along an axon during fictive swimming ( Figure 5B ), which may have been the result of a higher density of calcium channels in localized areas.
Pharmacological Profile of Calcium Entry Suggests a Novel Class of Calcium Channel in Motoneuron Axons
Antidromic stimulation of ventral roots to elicit changes in intra-axonal calcium was employed to address the mechanism of calcium entry in motoneuron axons. Figure 6A of a stimulus-evoked calcium transient. Note that the onset of the calcium increase is very rapid (within 1 video frame, stimulus occurs at t = 0) and that the decline is quite slow (requiring several seconds). In some cases, hot spots or "nodes" were observed, which were not present either before or following stimulation, but which exhibited the largest, saturating increases in [Ca2+], Axons in lamprey are not myelinated, and therefore, true nodes of Ranvier do not exist. Figure 6B shows the time course of the increase in calcium resulting from a single stimulus occurring at 1 s after the onset of recording. Removal of extracellular calcium abolished the increase in calcium evoked from stimulation, and restoration of external calcium led to full recovery of the calcium transient. Likewise, addition of 1 mM NiCI2 abolished the calcium transient, but was not reversible (Table 1) . These experiments suggest that the evoked calcium increases were the result of calcium entry, and not of calcium release from intracellular stores. Addition of 50 I~M ryanodine also had no effect on the calcium increases throughout the axons, including the hot spots (Table 1) , further supporting the notion that release from intracellular stores is not involved in the electrically induced changes in [Ca2+]~. Tetraethylammonium (TEA) blocks delayed rectifier potassium channels and should prolong the action potential, allowing more calcium entry through voltage-gated calcium channels. The calcium transient in the presence of bath-applied TEA is larger than both the control and recovery, suggesting that calcium enters through voltage-activated calcium channels (Table 1) . Addition of 2 ~.M tetrodotoxin (TTX), a concentration that was sufficient to block sodium channels and prevent spiking in the locomotor network, was ineffective at blocking the calcium transients in motoneuron axons elicited by antidromic stimulation of ventral roots (Table 1). This result suggests, first, that the calciu m entry was not through sodium channels, second, that the calcium transients were not the result of inhibition of Na+-Ca 2+ exchangers resulting from the increase in intracellular sodium concentration, and third, that a sodium-independent calcium spike may be involved in the propagation of the output of motoneurons to target muscle. Regenerative calcium spikes have been reported in axons of giant neurons Mintz et al., 1992a , 1992b . b Hillyard et al., 1992 of Aplysia only in the presence of outward potassium current blockers (Horn, 1977) , as well as in neurons from giant barnacle , but are otherwise rare.
To identify the pharmacological class of calcium channels in lamprey motoneuron axons, several different types of specific calcium channel blockers, including antagonists for L, N, T, P, and Q channels, were applied to the bath, as shown in Table 1 . None of the tested calcium channel antagonists--except for high concentrations of NiCI2, which abolished the response--had any effect on the calcium increases resulting from antidromic stimulation. The calcium transients could be observed in axons very near the cut end of the ventral roots, close to the stimulating electrode, arguing against restricted access of the calcium channel antagonists. Also, high molecular weight peptides, including pertussis toxin, are known to exert positive effects in the intact spinal cord preparation (Alfcrd and Grillner, 1991) , suggesting that restricted diffusion of the compounds was not a problem. Therefore, calcium spikes in axons of motoneurons occur through voltage-sensitive calcium channels that appear to be pharmacologically novel.
Discussion
The present results demonstrate that activity-dependent changes in [Ca2÷]~ can be observed throughout spatially distinct sites in identified neurons in an intact vertebrate CNS preparation, comprising a functional neuronal network. The confocal microscope allows visualization of calcium dynamics with sufficient sensitivity to measure calcium increases resulting from a single action potential, without temporal averaging. Intracellularly or synaptically evoked calcium transients occur rapidly, within 1 video frame, and in a spatially nonuniform manner, indicating that high temporal and spatial resolution is important to evaluate fully the role of calcium dynamics in cells with complicated geometries, like vertebrate neurons. The confocal microscope also permits optical dissection of threedimensional fluorescence through intact preparations, allowing recording of calcium dynamics through up to 150 I~m of living tissue. Increases in calcium were most prominent in distal dendrites and very small, if detectable, in the soma.
Excitatory synaptic input, evoked by stimulation of reticulospinal neurons, produced a distinct and localized postsynaptic calcium response in distal motoneuron dendrites. As in the case with intracellular stimulation, the rise in [Ca2+]~ was rapid, whereas the decay time was slow. The reason for this slow decline is uncertain, but it may reflect a slow rate of calcium extrusion in this part of the cell (distal dendrite). The fact that the calcium response was only partly reduced by the NMDA receptor antagonist 2-APV, and that the response occurred in conjunction with a subthreshold EPSP, suggests the involvement of low voltage-activated calcium channels. The larger calcium response seen with a postsynaptic action potential in addition presumably involves high voltage-activated calcium channels. The decremental effect by 2-APV on the response is compatible with a contribution from calcium entry through NMDA channels, but could be a secondary effect resulting from a smaller amplitude of the compound EPSP in the presence of 2-APV, which would lead to less activation of voltage-dependent calcium channels. Nonetheless, blockade of NMDA receptors resulted in diminished calcium entry.
During fictive locomotion, [Ca2+]~ oscillations were time locked to the oscillations in membrane potential, with the peak increase occurring during the depolarization phase; they were likewise spatially restricted to the dendrites when the cell was not firing, but were detectable throughout the dendrites and axon when the cell was firing. Changes in [Ca2+]~ were not observed in the soma during fictive swimming. The surface to volume ratio in the soma is quite small compared with the dendrites and axons of the cell. The soma may have a higher, faster calcium buffering capacity than other cellular compartments. It should be noted, however, that with intracellular stimulation evoking action potentials (Figure 1) , a calcium increase corre-sponding to a single spike could be detected in proximal dendrites, and with a prolonged stimulation evoking a train of 25 or 50 spikes, which is a more intense activation than normally occurs during a single locomotor burst, a calcium increase was also seen in the soma. Calcium oscillations in the soma of crab stomatogastric neurons were also undetectable (Ross and Graubard, 1989) , which is not unexpected, since in invertebrate neurons the signal processing mainly occurs in the neuropil, and the soma is relatively passive.
It is noteworthy that [Ca2+]L fluctuations could be detected in motoneuron dendrites during subthreshold membrane potential oscillations, a finding compatible with the fact that calcium responses were seen with subthreshold, stimulus-evoked EPSPs. Thus, during fictive locomotion, the rhythmic fluctuations in [Ca2+]~ that occur in motoneuron dendrites correlate with the phasic activity of the network. Similar types of correlations have been demonstrated in identified neurons of crab stomatogastric ganglion with the calcium-sensitive dye arsenazo Ill (Ross and Graubard, 1989) . In their experiments, temporal averaging of absorbance signals was needed tO improve the resolution of the oscillations, but it was shown that calcium increases in the neuropil of these invertebrate neurons followed the depolarization of the membrane potential in nonspiking cells. With signal averaging, high temporal resolution was achieved; however, spatial resolution was limited to 64 x 64 ~m pixels. The current studies, therefore, demonstrate dramatically improved spatial resolution of oscillations of [Ca2÷] , in single vertebrate neurons, without requiring signal averaging. The functional significance of these calcium fluctuations remains to be determined; however, one obvious possibility is that they represent the periodic calcium influx that will activate Kca channels during NMDA receptor-dependent pacemaker-like oscillations, leading to repolarization and termination of the depolarized plateau (Wall~n and Grillner, 1987) . Other possible roles of postsynaptic calcium fluctuations might be to contribute to the depolarization of the different parts of the cell, or to other regulatory roles near the postsynaptic membrane.
The stimulation experiments with brief trains of action potentials elicited at a 1 Hz repetition rate ( Figure 1D ) indicate that [Ca2÷]~ may accumulate over time and show small amplitude fluctuations time-locked to the bursts of activity, superimposed on a certain baseline calcium level. Although a more quantitative investigation of calcium dynamics in motoneuron dendrites during different rates of fictive locomotion is required, the available data still indicate that large amplitude fluctuations may occur with a lower swim frequency (about 0.3 Hz in Figure 3B ), and small amplitude fluctuations may occur with higher swim frequencies ( Figure 4A ). Thus, it is conceivable that, at higher rates of fictive locomotion, [Ca2÷]~ accumulates to a greater extent, and that the small fluctuations recorded occur on top of an increased baseline calcium level, like in the repetitive stimulation experiment. The computer simulations of calcium dynamics during network activity (Figure 1 E) corroborate this suggestion. This problem has to be addressed further in future experiments using a ratiometric calcium dye (e.g., indo-1), with which absolute calcium concentrations can be measured.
Bulk loading of the spinal cord preparation with AMesters of the calcium-sensitive dyes resulted in loading of motoneuron axons at the ventral root and a few hundred microns into the spinal cord, and allowed measurements of groups of axons during electrical activity. Therefore, optical measures of calcium activity provide a convenient means of monitoring electrical activity throughout a single cell, or in groups of cells. Furthermore, imaging allowed detection of spatially restricted nodes of higher calcium, or hot spots, in axons during fictive swimming, arguing for a physiological role of the observed nodes. Further refinements in the loading technique may allow sufficient loading of identified populations of neurons in the central pattern-generating network as well as of groups of motoneurons, such that the ensemble properties of the rhythm-generating network could be examined more closely.
The finding of periodic calcium fluctuations in motoneuron axons, time-locked to the locomotor rhythm, was unexpected (Hille, 1992) . This result suggests the involvement of calcium channels during action potential generation in motoneuron axons and in the ventral root. Indeed, TEA blockade of the delayed rectifier potassium current led to larger fluctuations of [Ca2÷]~ during rhythmicity (data not shown), and the calcium response to antidromic stimulation of the ventral root persisted in TTX, suggesting that motoneuron axons may be capable of regenerative calcium spikes. Further studies with intracellular recordings from single axons will be required to resolve the role of calcium in motoneuron axons.
Antidromic stimulation of the ventral roots permitted examination of the mechanism of calcium entry into motoneuron axons. None of the tested calcium channel blockers were able to antagonize the response, except NiCI2 at high concentrations, which is not selective. This suggests that pharmacologically novel calcium channels may be involved. On the other hand, removal of external calcium abolished the response, and application of ryanodine had no effect, suggesting that calcium release from intracellular stores is not the main cause for the response. Furthermore, spatially restricted hot spots of calcium entry were observed within single axons, whose function is not clearly understood. Further experiments with newly characterized toxins may allow identification of the calcium channels involved, as well as substantiation of the significance of these hot spots.
Experimental Procedures Lamprey Spinal Cord Preparation
Spinal cords were dissected from adult Ichthyomyzon unicuspis (27-33 cm in length) under tricaine anesthesia (MS-222; 100 mg/ml) and removed from the notochord. Pieces of spinal cord comprising 15-25 segments were pinned ventral side down into a Sylgard-lined microscope chamber that had a glass coverslip as its bottom. The chamber was perfused with oxygenated Ringer's solution containing 91 mM NaCI, 2.1 mM KCI, 2.6 mM CaCI2, 1.8 mM MgCI2, 20 mM NaHCO3, and 4 mM glucose (pH 7.65). In some preparations, a barrier was placed in the chamber such that the caudal pool could be perfused with NMDA-containing solution (40-200 pM) while the rostral pool was perfused with normal Ringer's. The microscope objective and the tissue chamber were cooled with a circulating water bath to maintain the preparation at 4°C-10°C.
Drugs used were 2-APV, TEA, TTX, amiloride, verapamil, ryanodine (all from Sigma), NMDA (Tocris Neuramin), (o-conotoxin (Calbiochem), e}-agatoxin IVa (Peptides International), nitrendipine (Research Biochemicals International), and ~-conopeptide MVII C (Neurex).
Electrophysiology
For intracellular recordings, sharp microelectrodes were filled with 2.5 mM fluo-3 or calcium green free acid (Molecular Probes) and 2 M K-acetate, resulting in resistances of 25-50 M£~. Cells were current clamped using an Axoclamp 2A (Axon Instruments) amplifier. Iontophoresis of the fluorescent indicators was accomplished by injecting negative DC current of 1-2 nA for periods of up to 30 rain, until fluorescence was detectable in dendrites. Action potentials were elicited by injecting current for durations of 3 ms and with amplitudes of 1-5 nA. Synaptic input through descending reticulospinal axons was accomplished by placing a stimulating electrode on the ventral surface of the spinal cord at the midline, several segments rostral to the intracellular recording. In this case, the spinal cord was twisted to allow ventral access for stimulation from above in the more rostral section, as well as ventral access from below for imaging in the more caudal section. Ventral root recordings were performed using suction electrodes and a differential amplifier (WPI). Antidromic stimulation via the suction electrode was performed using an isolated stimulation unit (WPI) that delivered constant current pulses with amplitudes of 0.1-0.3 mA. Electrical recordings were stored on VHS videotape using a Medical Systems PCM-2 pulse code modulator. A programmable pulse generator (Master-8, AMPI) was used to trigger or gate electrical stimuli and allow precise temporal registration with the fluorescence images.
Confocal Microscopy
Fluorescence imaging was performed on a custom-made confocal microscope enabling full-frame image acquisition at video rates (Tsien, 1990, Proc. Roy. Microsc. Soc., abstract; Tsien and Bacskai, 1994 ). An argon laser operating at a wavelength of 488 nm was used as the excitation source to illuminate fluo-3 or calcium green (Molecular Probes), and fluorescence emission was detected at 510-540 nm by placing a barrier filter (Omega Optical) in front of the photomultiplier tube. A Nikon 40 x water immersion objective (NA = 1.0) was used on a Zeiss inverted microscope equipped with a dissecting microscope mounted in place of the condensor to facilitate electrode positioning. Single-wavelength images were acquired and stored on an optical memory disk (Panasonic TQ2028F) at up to 30 frames per second. Time course plots were generated by averaging the pixei intensities within regions of interest for successive video images. Pseudocolor images were generated from the single wavelength images by calculating a ratio of fluorescence versus an arbitrarily defined time 0, The resulting ratios were then pseudocolored from blues to reds to indicate relative changes in [Ca~+] ~ from low to high, respectively. Calibration of single wavelength fluorescence in terms of absolute concentration of [Ca2÷]~ is difficult and was not attempted in this study, since the dynamics of calcium changes, and not absolute values, represented the focus of this work.
